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Introduction
In RAN#97, study item in RP-222644 has been approved. 
	The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 
· Other restrictions of the WI (e.g., connectivity restrictions, band, etc.)



Discussion
Waveform generation
Non-coherent modulations, such as MC-OOK or MC-FSK, can be easily created within NR OFDMA signal. From waveform generation point of view, there is not much difference. Except, if rate-matching of LP-WUS would be supported, MC-OOK could consume less RateMatchPatterns than MC-FSK, making it slightly better choice from coexistence point of view.
When it comes to modulation of sub-carriers, it is unclear to us whether low PAPR signal in time-domain would be of any benefit. From envelop detector point of view, there is no need, because receiver would anyway average over-sampled OOK symbol. On the other hand, low PAPR could be of benefit for receiver amplifier(s), amplified output would not be distorted by amplifier’s non-linearity. 
When using OFDMA to emulate OOK, the bit-rates are given by SCS, 14,28,… kbits. DFT-S-OFDM transform could be a good tool to increase such bit-rate, creating multiple chips per OFDM symbol. This technique does not impact spectral emission at gNB, but requires changes at eNB transmitter. Increasing chip-rate will not come for free, it will impact at least SNR at the receiver. 
Observation-1: Both MC-FSK, MC-OOK can be easily created within NR OFDMA signal. 
Observation-2: LP-WUS pattern using MC-OOK could be easier to cover by RateMatchPattern(s) compared to MC-FSK.
Observation-3: Study whether there is a benefit from low PAPR waveforms at the LP-WUS detector.
Proposal-1: Study link performance of LP-WUS signals using DFT-S-OFDM transform to create multiple chips per OFDM symbol, this in addition to signals using one OFDM symbol per chip.
LP-WUS design
Preamble applicable to all UEs in the call and periodically transmitted would enable WUR to (i) maintain rough time synchronization, such that it knows when to wake-up for next WUS (ii) enable WUR to measure serving cell RSRP, the main criteria to avoid performing frequent RRM measurements at MR. These two aspects ensuring that MR (main radio) sleeps as much as possible.
Proposal-2: Study whether preamble part of WUS should be introduced.
· Study detection performance of sequences to be used for preamble.
· Study how serving cell RSRP could be measured based on these sequences.
Manchester code may improve synchronization in time, this because it provides an edge at every bit of bit sequence. On the other hand, it consumes 2 chips per bit. Therefore, if supported, it should be limited to preamble part of LP-WUS. 
Proposal-3: If LP-WUS will support preamble part, consider using Manchester coding for LP-WUS time synch.
Preamble could be followed by a data part carrying the “paging” message. A message which could be channel coded to improve detection performance. A low complexity FEC codes, such as binary block codes, could be considered. The messages could be equipped with a CRC to decrease FAR. The message should deliver preferably a UE-ID. Several UE-IDs could be concatenated back-to-back in the message, if multiple UEs should wake up in the occasion. There could be variable UE-specific coding rates depending on SNR.
Proposal-4: Study whether data part of LP-WUS should be introduced.
· Study channel coding gain of FEC coding schemes having low-complex decoder.
· Study at least binary block codes.
· Assume that CRC is added to reduce false alarm rate.
· Study whether and how to support variable coding rate using binary block codes.

RRM measurement relaxations
R17 supports RRM measurement relaxations of up to 6-fold. Normally, a UE shall perform neighbor cell-search every DRX, or eDRX cycle, but with RRM measurements relaxations defined in R17, if e.g. static criterion is met, UE can perform such only every 6th DRX/eDRX cycle instead. However, in LTE LPWA, RRM measurements are relaxed even further, up to once 24h. In (industrial) IoT or measuring type of IoT, sensors are often placed on static object. There is almost 100% probability that after wake-up, UE finds the same cell.
Proposal-5: For LP-WUS power consumption consider that RRM measurements can be relaxed to up to once 24h at least in IoT use-case.
LP-WUS bandwidth
As already discussed above, for 15kHz SCS OFDM symbol, the chip-rate is 14kbits, for 30kHz SCS 28kbits and for 60kHz it would be 56kbits. In principle OOK could be carried by a single sub-carrier of OFDMA. 
In practice, however, signals are designed wider than that. For example, in Wifi 802.11ba, design has been 4MHz for 312.5 kHz subcarrier spacing using contiguous 13 out of 64 subcarriers. In Wifi, larger BW can be also motivated by transmitting more power, as PSD is limited to 23dBm/MHz. In 3GPP MIL methodology, PSD limit is assumed as well, and is for example 36dBm/MHz in FDD low band. With a PSD per MHz transmitter could in principle allocate all energy to single sub-carrier and mute the other ones in the MHz, but this would create large imbalance between sub-carriers. And finally, signal BW impacts sensitivity given fixed Required SNR. 
When it comes to zero-IF architectures using ring-oscillator, its precision could be somewhere at 200-300ppm. This creates uncertainty of LP-WUS location in baseband. At 4GHz this uncertainty already translates to 0.8MHz, while at 1GHz this is 0.2MHz. This being one another factor determining the LP-WUS BW. Design must take into account that envelop detector may receive only part of LP-WUS due to frequency shift.  
Observation-4: LP-WUS BW-requirement should take into account a frequency error of the receiver.
Higher layer aspects
There are at least two following aspects of LP-WUS impacting higher layers.
· Issue#1: LP-WUS wakes up a group of UEs or only an individual UE
· Issue#2: New mode is defined or not for the case when MR sleeps and WUR monitors for WUS
· If mode is defined, how UE enters and leaves the mode.
For the Issue#1, RAN1 should strive to support wake-up per individual UE. This would be the best for IoT and Wearable use-cases. However, if data-rate is found to be insufficient to support it, UE-group based wake-up could be considered instead. 
Proposal-6: Study whether LP-WUS data-rate could support per individual UE wake-up.
For the Issue#2, we assume that LP-WUS in IDLE mode is defined primarily for static or low-mobility use-case. In these use-cases, a UE upon entering cell could enroll for a LP-WUS reception.  Power-efficient and resource-efficient procedure could be defined for this case. During this procedure, a gNB would grant a UE-ID to a UE. 
Proposal-7: Study power-efficient and resource-efficient signaling procedures enabling UE to enroll/subscribe for LP-WUS reception.
Upon wake up, MR should still receive regular paging. Going directly to RRC would waste a lot of energy if UE wakes up due to false-alarm or if group of multiple UEs is waken up at once. And benefit may be small, because UE must anyway synch and find cell when entering RRC. Reception of paging is negligible compared to total energy needed to enter RRC connected state.
Proposal-8: Assuming that LP-WUS monitoring periodicity is the same as MR (e)DRX, upon reception of LP-WUS, MR should still receive paging before entering RRC. 
Other than above, we think that LP-WUS procedures should be designed on top of DRX/eDRX. There is no need to define new mode or state for this purpose. 
Proposal-9: The LP-WUS procedures should be designed on top of DRX/eDRX.
Conclusions 
In this contribution we discussed issues related to LP-WUS signal design and had observations and proposals:
Observation-1: Both MC-FSK, MC-OOK can be easily created within NR OFDMA signal. 
Observation-2: LP-WUS pattern using MC-OOK could be easier to cover by RateMatchPattern(s) compared to MC-FSK.
Observation-3: Study whether there is a benefit from low PAPR waveforms at the LP-WUS detector.
Proposal-1: Study link performance of LP-WUS signals using DFT-S-OFDM transform to create multiple chips per OFDM symbol, this in addition to signals using one OFDM symbol per chip.
Proposal-2: Study whether preamble part of WUS should be introduced.
· Study detection performance of sequences to be used for preamble.
· Study how serving cell RSRP could be measured based on these sequences.
Proposal-3: If LP-WUS will support preamble part, consider using Manchester coding for LP-WUS time synch.
Proposal-4: Study whether data part of LP-WUS should be introduced.
· Study channel coding gain of FEC coding schemes having low-complex decoder.
· Study at least binary block codes.
· Assume that CRC is added to reduce false alarm rate.
· Study whether and how to support variable coding rate using binary block codes.
Proposal-5: For LP-WUS power consumption consider that RRM measurements can be relaxed to up to once 24h at least in IoT use-case.
Observation-4: LP-WUS BW-requirement should take into account a frequency error of the receiver.
Proposal-6: Study whether LP-WUS data-rate could support per individual UE wake-up.
Proposal-7: Study power-efficient and resource-efficient signaling procedures enabling UE to enroll/subscribe for LP-WUS reception
Proposal-8: Assuming that LP-WUS monitoring periodicity is the same as MR (e)DRX, upon reception of LP-WUS, MR should still receive paging before entering RRC. 
Proposal-9: The LP-WUS procedures should be designed on top of DRX/eDRX.

